We define an Hα photometric system that is designed as a companion to the well established Hβ index. The new system is built on spectrophotometric observations of field stars as well as stars in benchmark open clusters. We present data for 75 field stars, 12 stars from the Coma star cluster, 24 stars from the Hyades, 17 stars from the Pleiades, and 8 stars from NGC 752 to be used as primary standard stars in the new systems. We show that the system transformations are relatively insensitive to the shape of the filter functions. We make comparisons of the Hα index to the Hβ index and illustrate the relationship between the two systems. In addition, we present relations that relate both hydrogen indices to equivalent width and effective temperature. We derive equations to calibrate both systems for Main Sequence stars with spectral types in the range O9 to K2 for equivalent width and A2 to K2 for effective temperature.
INTRODUCTION
Photometric systems that rely on measurements of the relative strength or equivalent width of individual spectral features in order to form a photometric index have played a major role in astrophysical photometry for many decades. Measurements of photometric line indices began more than 60 years ago and became routine when Crawford (1960) published a list of 33 early-type stars that had been used as standards for photoelectric Hβ line photometry. Crawford & Mander (1966) presented a list of 80 B, A, and F-type stars then being used as primary standards at Kitt Peak National Observatory. In practice, observers have often used additional sources of Hβ photometry to supplement the stars listed as primary standards. Sources for secondary standards have included the Hβ observations of 1217 stars brighter than V = 6.5 mag published by along with numerous papers published by Crawford and collaborators detailing four-color and Hβ photometry of nearby open clusters. Prominent examples of this work include papers on the Hyades , Coma and Ursa Major (Crawford & Barnes 1969) , and the Pleiades (Crawford & Perry 1976) . The consistency of four-color and Hβ photometry for these same secondary cluster standards has been examined statistically in Taylor & Joner (1992) and Joner & Taylor (2007) .
A large number of photometric indices have been developed over the years in order to standardize the measurement of a multitude of different properties within a wide variety of stellar atmospheres. The Hβ photometric system is an example of a useful photometric index based on the observation of an individual spectral feature. In this presentation, we propose a standardized Hα photometric system that is useful in cases where it is combined with information from other systems such as Hβ or four-color or when used alone to locate objects of astrophysical interest in survey fields. We also present empirical calibrations for temperature and equivalent width for both the Hα and Hβ indices derived from our observations of nearby field stars as well as stars in benchmark open clusters that have been used to establish the standard system.
Following this introduction, Section 2 provides details of the motivation behind this project. Section 3 describes the observing configuration and other specific details of the data acquisition. Section 4.1 is a discussion of the definition of both the Hα and Hβ indicies and how the standard photometric Hα system was established. In Section 4.2 we examine the comparison made between bandpasses used in slightly different forms and combinations than what we specify in our system definition. In Section 4.3, we present a comparison of our Hα index to measurements of the equivalent width of the spectral lines. Section 4.4 is used to present calibrations that relate stellar effective temperature and hydrogen line equivalent width to both the Hα and Hβ indices presented in this investigation. A summary of this paper is presented in Section 5.
DISCUSSION
The primary goal of this investigation is to define and standardize an Hα photometric system that is directly comparable to the established Hβ photometric system. Historically, there is a long history of published observations that have been made to utilize measurements of the Hα line. Peat (1964 Peat ( , 1966 used online and offline spectrophotometric measurements to establish what was termed as the "Hα ratio" for 597 F, G, and K stars located north of the equator (Peat 1964) . Similar observations were also made for 172 F, G, and K stars that were south of the equator (Peat 1966) in an extension of the original work. However, it is clear that this spectrophotometric system has seldom been utilized after these initial publications.
Concurrently with Peat, Apt & Golson (1966) used a limited set of 12 stable reference stars to calibrate their observations The Astronomical Journal, 150:204 (11pp), 2015 December doi:10.1088 using combinations of wide and narrow filters to form four hydrogen line indices. Their primary program objects were Be stars. They found a combination of Hα and Hβ measurements to be particularly useful at discriminating between supergiant and dwarf stars. The non-redundant nature of the information from these different indices was commented on by Strauss & Ducati (1981) as they assembled a set of 168 standard stars for a system of Hα photometry using their wide and narrow filters to form an index from observations using photoelectric filter photometry. Even though this standard system was wellestablished, it has curiously not seen widespread or current usage. Observations using wide and narrow filters centered on the Hα line have been done for many years at the Van Vleck Observatory and calibrated using published EW determinations. A number of investigations have been carried out using this system including, but not limited to photometry of dwarf K and M stars (Herbst & Layden 1987) , an examination of chromospheric activity in dwarf K and M stars (Herbst & Miller 1989) , and an investigation of Hα variations in the star VW Cep (Herbst & Bishel 1987) . Furthermore, the Hα line has been used in investigations of PMS objects. An example of this work can be found in the R-Hα index used by Park et al. (2000) to determine the IMF for PMS stars in the young open cluster NGC 2264. Hintz & Joner (2012) have utilized Hα and Hβ photometry to monitor High Mass X-ray Binary systems and found that a wide variety of variable emission activity is easily detected by comparing data from these two indices. As part of a recent study to monitor variable Hα emission in hot, massive stars in the young open cluster NGC 659, Souza (2013) has reported the serendipitous discovery of two cool irregular type variable stars. The long and successful history of such a variety of studies that have been undertaken using Hα observations has provided a strong incentive for us to complete this investigation and establish a standardized Hα photometric system that is as useful as the more generally known Hβ system. Since both the wide and narrow filters are centered on the same wavelengths, each of the indices presented in this investigation are free from the effects of both atmospheric extinction and interstellar reddening. In addition, there are easily determined relations between the hydrogen line indices presented and measurements of EW and stellar surface temperature. In subsequent sections we present relations for main sequence stars with spectral types between O9 and K2. As we mention in the conclusions, there is considerable work to be done in examining different classes of variable stars, obtaining more extensive observations of giants and supergiants, determining reddening relations, and studying a wide variety of emission line objects. It is anticipated that well standardized and calibrated companion Hα and Hβ photometric systems will be valuable tools for use in these future studies.
SPECTROSCOPIC OBSERVATIONS
Between 2005 and 2015, spectroscopic data were obtained using the 1.2-m McKellar Telescope of the Dominion Astrophysical Observatory (hereafter DAO). In total, data were secured on 153 nights using the telescope in robotic mode. Observations were made using the Coudé spectrograph with the 3231 grating, which provided 40.9 Å mm −1 . Using the Site4 CCD with 15 μm pixels gives 0.614 Å pixel −1 . With 4096 pixels along the dispersion axis, this provided a total coverage of approximately 2500 Å. Aligning the grating to give a central wavelength of 5710 Å allowed a spectral coverage from 4450 to 6970 Å, which provided coverage of both Hα and Hβ. All spectra were processed with the DOSLIT package in IRAF, with wavelength calibration being done with an FeAr comparison arc. A collapsed one-dimensional spectra of HR 68 is shown in Figure 1 .
In total we examined 75 field stars, 12 stars from the Coma star cluster, 24 from the Hyades, 17 from the Pleiades, and 8 from NGC 752. These stars cover a spectral type range from O9 to K2. In Figure 2 we show a sequence of spectra for stars of different spectral types. The spectra have all been continuum corrected for convenience of presentation in this figure but the indices presented herein have been determined from the instrumental spectra. Typical individual spectra have signal-to-noise ratios (S/Ns) in the range of 100-150.
SPECTROSCOPIC AND PHOTOMETRIC ANALYSES

Spectrophotometric Measurements and Calibration
As detailed above, our primary purpose in obtaining the data was the development of an Hα index similar in nature to the well established Hβ index. One notable aspect of this work is that our spectra covered both lines with a single grating setting. This allows a direct comparison of the two indices. Both indices are formed by taking measurements through a narrow and wide filter centered on the hydrogen spectral line, as shown in Equations (1) and (2). We obtained scans of our original photometric filters to use as standard bandpasses to convolve with each spectrum in order to generate instrumental indices. The tracings for both of our original photometric Hα and Hβ filter sets are shown in Figure 3 , along with the relevant section of a reference spectrum for HR 68. Both of these filter sets were manufactured by Custom Scientific, Inc in Phoenix, Arizona. We have characterized the filters using the relations found in Fukugita et al. (1996) , and have summarized the information in Table 1 m m 1 narrow wide After all the spectra were processed, we used the SBANDS command inside of IRAF to convolve our original photometric filter functions over the Hα and Hβ spectra lines. This generated an instrumental Hα and Hβ index for each target. Starting with the data on the night of 2008 July 7, we began the calibration process. On this night we applied a zeropoint correction to the Hβ values based on values given in the Crawford sources previously cited. However, for the Hα observations there were no standard values that matched the Crawford Hβ system in range. Therefore, we started with the run of instrumental indices generated for the reference night and found values generally ranged between 2.8 and 3.1. From this, we chose to match the Hβ value for stars in the A0 to A2 range of 2.900. This is the turn-around point for the Hβ index. Therefore, it provides a logical point to match the Hα and Hβ systems. For a second night of data we applied a zeropoint based on the average values from the first night, then averaged all the values for each star. Those values were used to zeropoint a third night and determine new average values. After 10 nights of data, we used the 10 night averages to recalibrate the original nights. We continued this iterative process through all 153 nights of data in order to establish final index values for each of the target stars. A comparison of our final Hβ values to the Crawford standards is found in Equation (3) and Figure 4 . Clearly, the slope value indicates that we have a slight color term with respect to the original Crawford system. However, this is a close match to the original system that is consistently and easily transformable
As mentioned above, we matched the Hα and Hβ systems at the turning point value of 2.900, near a spectral type of A2. To examine the other end of the relation, we ran both flat continuum and blackbody curves through the filter functions to find the minimum value for each index and found values of 2.582 for Hα and 2.506 for Hβ, respectively. Any values found below these points would be indicative of the feature being in emission.
The final average index values and error per observation for each star are given in Tables 2-6. Table 2 contains information on the field stars. In this table we include the HD number, HR number, spectral type, the Hα index (with error), the Hβ index (with error), the total number of observations for each star, and the number of nights observed. Table 3 contains similar information for the stars from the Coma cluster, with the HR number being replaced with the Trumpler number (Trumpler 1938) . Table 4 covers the Hyades and includes the van Bueren number (Van Bueren 1952). Table 5 is for the Pleiades and contains either the Hertzsprung number (Hertzsprung 1947) or the star name. Finally, Table 6 contains data for the stars of NGC 752, with the BD number instead of an HD number and an identification number from Heinemann (1926) .
In Figure 5 we show a plot of our Hα versus Hβ values for each star in the data set. The relation starts at an O9 star and proceeds down to where the Hα and Hβ indices meet near the 2.9 maximum value point. This happens at a spectral type of about A2. The relation then turns around and heads back along the same line until the late G-stars, where the relation ceases to be linear. The relation continues in this fashion out to our limit at K3. It is noteworthy to draw attention to an area in the relation from about 2.76 to 2.81 in the alpha index. This area matches the spectral range for both Beta Cepheid variables on the hot side and the instability strip on the cooler side of the relation. Since we have focused on establishing a standard star system we would clearly have few, if any, stars in this region. However, while obtaining the data for this project we also secured data on a number of pulsating variable stars. In Figure 6 we add one of these pulsating variables over its entire pulsation cycle into Figure 5 . Clearly, the observed gap could be filled in with observations of pulsating variables at different points in their cycles.
Comparison of Different Bandpasses
Our narrow/wide Hα system was patterned from tracings of our original photometric filters. These narrow and wide filters were designed with FWHM values of 3 nm and 200 nm, respectively. Ideally, these would be square filters with a transmission of 1 between the two edges of the bandpass and Note.
(1) Effective wavelength as calculated from Equation (3) in Fukugita et al. (1996) , (2) wavelength weighted effective wavelength, (3) frequency weighted effective wavelength.
0 everyplace else. To test our photometric filters, we created two idealized filters. The first is the ideal square filter at the same 3 and 200 nm widths. The second is a pair of Gaussian filters with the same FWHM values. We selected five nights from 2013 to 2015 that provided wide spectral type coverage and then convolved our original filters, the square filters, and the Gaussian filters over each spectrum. This sample included 273 spectra. A comparison of our standard system to the square filter yielded a linear relation with a slope of statistically one; thus, only a zeropoint shift is required to match these two systems. From this it is clear that our standard set can be treated as if it were created with square filters. The comparison of our standards to a set of Gaussian filters yields Equation (4). There is clearly a difference between our standard filter set and an idealized Gaussian set
Equivalent Widths Versus Index
One question that arises is the relationship between each index and the equivalent width of the spectral line. To examine this question, we have selected 194 observations of 69 near main sequence stars. This observational subset provides high S/N spectra with a large range of spectral type coverage. We used the SPLOT command in IRAF to measure equivalent width values for both Hα and Hβ for each spectrum in our sample. To test our equivalent width values, we plotted them versus spectral type, as shown in Figure 7 for Hα and Figure 8 for Hβ. When compared with the figures in Didelon (1982) , we find very similarly shaped curves for both lines. For our Hα line we find a peak at A2, with a maximum equivalent width of about 10.7 Å. The peak of the graph from Didelon (1982) is very close to 11 Å. For Hβ we again find a peak at about A2, with a maximum equivalent width of about 15.8 Å. This peak is higher than the peak of about 15.2 Å found in Didelon (1982) . It is clear from the graphs presented in Didelon (1982) that the equivalent widths of the Hα and Hβ lines can vary considerably with luminosity class for the stars of spectral type B and A. Our sample of standard stars contains predominantly field and cluster dwarfs and a few subgiants and giants that have been added to the sample. As is illustrated in Didelon (1982) (see especially Figures 3 and 4) , the equivalent width luminosity dependance is negligable between giants and dwarfs. We are currently securing observations of a sample of supergiant stars in order to determine the relationships between the Hα and Hβ indices, equivalent widths, and luminosity class over a wide range of spectral types and plan to present these findings in a subsequent paper.
We note a couple of prominent features in these graphs. In both cases, we reach an equivalent width of about 7 Å at a spectral type of B9 or A0. At this point we note a sharp rise in the equivalent width for Hβ that we do not see as strongly in Hα. We also note that the trend in equivalent width versus spectral type stays linear longer in the Hα relation. Finally, the wider run of Hβ absorption values (2.9 down to 2.51) versus Hα (2.9-2.58) is not surprising given the difference in peak equivalent width.
Having verified that our equivalent width measurement values were in the proper range, we examined the value of the equivalent width versus the value for each index. We examined three relations: (1) stars A2 and hotter; (2) stars A2 and cooler; and (3) all stars in the sample. The relation between the equivalent width and the Hα index is shown in Figure 9 . There is a tight relation between the equivalent width of the line and the index we measure. Thus the indices can clearly be seen as a measure of the equivalent width. We examined the difference in relations for stars from O9 to A2 and from A2 to K2. Comparing the relations, we find that there is no statistical difference between the O9 to A2 and A2 to K2 near main sequence relations. Therefore, we have chosen to include three relations between equivalent width and the Hα index: (1) O9 to A2; (2) A2 to K2; and (3) the combined sample. These are given in Equations (5)- (7), Figure 5 . A color-color plot of our Hα and Hβ indices for the standard stars. Symbols represent O9 to A2 stars (solid circles) and A2 to K2 stars (X). Figure 6 . All the data from Figure 5 are combined into one data set (open diamond) with additional data from the delta Scuti variable V2455 Cygni (solid circles) being used to better fill the instability strip. We also compared the relation between the equivalent width of the Hβ line and the Hβ index, as shown in Figure 10 . In this case things become more complex, in that the relations are now best fit with a second order polynomial. Once again we give all three relations: (1) O9 to A2; (2) A2 to K2; and the total sample. These are given in Equations (8)- (10), respectively. The relation for the total run of stars is statistically the same as the relation for A2 to K2 stars, but those are different from the O9 to A2 relation. We also note a larger amount of scatter in the Hβ relation 
Temperature and Spectral Type
Since the strength of the spectral lines is directly related to the surface temperature of the stars, we examined the relation between the Hα index and the temperature. We started by collecting published temperature values from the literature. We wanted to select sources that were internally consistent and provided coverage for a reasonable number of our target stars. We collected a number of papers from the series presented by Taylor and Joner, with the most recent summary given in Taylor & Joner (2008) . These stars covered a wide range in spectral types. We plotted the temperature as a function of Hα index and found the relation shown on the left side of Figure 11 for those stars cooler than A2. The residuals from this relation are shown on the right side of Figure 11 . We used the theta value from Taylor & Joner (2008) to fit the relation of 
All terms in this relation are statistically significant. For those stars hotter than Hα = 2.900, we have insufficient coverage to fit a temperature relation. The same procedure has been followed to determine a temperature relation for Hβ. In this case, it is a third order fit as shown in Equation (12) and the left side graph in Figure 12 , with the residuals shown to the 
CONCLUSION
We have described the development of an Hα photometric system that was designed as a companion to the well established Hβ index. Spectrophotometric observations of field stars as well as stars in benchmark open clusters have been used to define the Hα system. Data were presented for 75 field stars, 12 stars from the Coma star cluster, 24 stars from the Hyades, 17 stars from the Pleiades, and 8 stars from NGC 752. These data are designated as primary standard stars in the new systems. Additionally, we have shown that the system transformations are relatively insensitive to the shape of the filter functions. Comparisons of the Hα index to the Hβ index were used to illustrate the relationship between the two systems. Additionally, we presented relations that relate the hydrogen indices described to equivalent width and effective temperature. For Main Sequence stars, we presented equations to calibrate both systems within the spectral type ranges of O9 to K2 for equivalent width and A2 to K2 for effective temperature.
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